In this paper, we present a novel microelectromechanical system-interdigital transducer (MEMS-IDT) surface acoustic wave (SAW) gyroscope with an 80 MHz central frequency on a 128 Y X LiNbO 3 wafer. The developed MEMS-IDT gyroscope is composed of a two-port SAW resonator, a dual delay line oscillator, and metallic dots. The SAW resonator provides a stable standing wave, and the vibrating metallic dot at an antinode of the standing wave induces the second SAW in the normal direction of its vibrating axis. The dual delay line oscillator detects the Coriolis force by comparing the resonant frequencies between two oscillators through the interference effect. The coupling of mode (COM) modeling was used to extract the optimal design parameters prior to fabrication. In the electrical testing by the network analyzer, the fabricated SAW resonator and delay lines showed low insertion loss and similar operation frequencies between a resonator and delay lines. When the device was rotated, the resonant frequency differences between two oscillators linearly varied owing to the Coriolis force. The obtained sensitivity was approximately 119 Hz deg À1 s À1 in the angular rate range of 0 -1000 deg/s. Satisfactory linearity and superior directivity were also observed in the test. #
Introduction
In recent years, interest in surface acoustic wave (SAW)-based gyroscopes has greatly increased. Compared with currently available gyroscopes, such as rotating wheel, fiber optic, laser, and micromachined gyroscopes, an SAW gyroscope exhibits some unique properties, such as superior inherent shock robustness, low cost, and simplicity. 1) A typical SAW based gyroscope is composed of a two-port SAW resonator for generating a stable standing wave and a SAW delay line for detecting the Coriolis force induced by the vibration of metallic masses. Some research groups have reported such SAW based gyroscopes with different designs and structures. Jose et al. presented a successful SAW gyroscope configuration based on a standing wave mode with a voltage sensitivity of 2.75 mV deg À1 s À1 .
2) Varadan et al. reported the design and performance evaluation of a 74.2 MHz microelectromechanical system-interdigital transducer (MEMS-IDT) SAW gyroscope with a similar structure.
3) Woods et al. depicted the effect of the dot array design on the gyroscope performance. 4) However, despite some reported meaningful works on SAW gyroscopes, they still suffer from low sensitivity (submicron voltage detection) and poor temperature stability due to large piezoelectric coupling substrate materials, such as LiNbO 3 with high temperature factor. To overcome such shortcomings of current SAW gyroscopes, another sensor mode was reported using the SAW gyroscopic effect, which originates from the rotation effect of a wave. Lee et al. presented a micro rate gyroscope based on the SAW gyroscopic effect on ST quartz using the differential dual-delay-line oscillator configuration. 5) A frequency sensitivity of 0.431 Hz deg À1 s À1 was obtained at angular rates of 2000 deg/s, and a temperature compensation was conducted by the differential oscillator structure. Unfortunately, such a SAW gyroscope still suffers from the low frequency sensitivity owing to the weak piezoelectricity of the ST quartz.
In this paper, we propose a new design of an SAW MEMS gyroscope with an operation frequency of 80 MHz. Figure 1 shows the schematic diagram and working principle of the gyroscope. This device consists of a two-port SAW resonator with a metallic dot array within the cavity, and two SAW oscillators structured by two delay lines, in which one is used as a sensor element (SAWS) and the other is used as a reference element (SAWF). The details of the principle in our gyroscope system are as follows: a standing wave is generated on the two-port resonator. Metallic dots at an antinode of the standing wave vibrate in the normal direction (AEz-axis). When the gyroscope is subjected to an angular rotation, the induced Coriolis force acts on vibrating metallic dots, and it is proportional to the mass of the metallic dot (m), the vibration velocity of the dot (v), and the rotational velocity of the substrate () (F Coriolis $ 2mv Â ). Then, the Coriolis force generates a secondary SAW in the orthogonal direction of the primary standing wave (AEy-axis). The generated secondary SAW interferes with the Rayleigh SAW propagating in SAWS, causing a change in acoustic velocity, and it induces a shift in oscillator frequency. By measuring the mixed frequency difference between the sensor oscillator and the reference oscillator, the input rotation can be evaluated.
A 128 YX LiNbO 3 is used as the piezoelectric substrate, because it has high piezoelectricity and high SAW velocity. A single-phase unidirectional transducer (SPUDT) and a comb transducer are used for the delay line design to improve the frequency stability of the oscillator. 6) To extract optimal design parameters, the coupling of mode (COM) modeling was carried out prior to fabrication. According to the determined device parameters, the SAW gyroscope with an 80 MHz operation frequency was fabricated using a standard photolithography technique. The device performance characteristics, such as sensitivity, linearity, and directivity, were evaluated.
Design Consideration

Two-port SAW resonator A 128
YX LiNbO 3 was used as the piezoelectric substrate because it has a relatively high electromechanical coupling coefficient (K 2 ¼ 5:56%). The wave velocities of the 128 YX LiNbO 3 in the x-and y-directions are 3961 and 3656 m/s, respectively. 4) The two-port SAW resonator was designed to generate a stable standing wave, and it is composed of input interdigital transducer (IDT), output IDT, and shorted grating reflectors, as shown in Fig. 2(a) . To form a stable standing wave and to improve the resonator performance, the most critical parameter is the cavity between each shorted grating reflector and its adjacent IDT, which depends on the piezoelectric substrate, metallization, and reflector types. In the case of the 128 YX LiNbO 3 , aluminum metallization, and the shorted grating reflector type, the minimum spacing between the reflector and its adjacent IDT should be =8. However, this can be troublesome in high-frequency device fabrication. To overcome this fabrication limitation, and because the standing wave is periodic, both shorted grating reflectors can be moved out by an integer number of acoustic half-wavelengths. Thus, in our resonator design, the spacing was set to 5=8.
7)
Other parameters affecting device performance are as follows: (1) the number of IDT fingers, (2) acoustic aperture, and (3) the number of electrodes in the shorted grating reflector. The number of IDT finger pairs and the aperture length should be minimized to obtain good resonator performance, but there is a trade-off in choosing the aperture length because small aperture length enhances the acoustic beam diffraction. Four IDT finger pairs were chosen, and the aperture length was set to 40. The large spacing (50) between the input and output IDTs was designed for large metallic dot accommodation.
Metallic dot array
The role of the metallic dots is identical to that of the suspended proof mass in the micromachined gyroscope. When the gyroscope is rotated, the vibrating metallic dots at an antinode of the in-phase standing wave induce the Coriolis force, generating a secondary SAW in the orthogonal direction of its moving axis. This secondary SAW propagates towards SAWS and interferes with the Rayleigh SAW propagating in the SAWS. The sensitivity can be improved by increasing the perturbation mass weight. Depositing a thick metal with high density can increase the perturbation mass. However, excess mass loading from the metallic dots disturbs the propagation of the standing wave, resulting in a change in resonance frequency in the resonator. On the basis of our simulation analysis, 300-nmthick gold dots were used for the perturbation mass design of the gyroscope.
The metallic dots were placed at the antinode of the standing wave. The sizes of the dots were designed to be x =4 and y =4 to reduce the effect of the metallic dot array in the SAW resonator, where x and y are the wavelengths along the x-and y-directions, respectively. The design of the dot array was based on dot ''unit cells'', each containing two dots. The spacings (center to center) of the basic unit cells are x in the x-axis and y in the y-axis, as shown in Fig. 3 . The small spacing between the metallic dots and the SAWS was designed to minimize the energy loss of the secondary SAW during propagation toward the SAWS.
SAW delay line
The Coriolis force is determined by the mixed frequency difference between two oscillators using the SAWS and SAWF as the feedback elements. The SPUDT and combed transducer are used for the SAW delay line design to improve the frequency stability of the oscillator. The SPUDT cell in Fig. 4 (a) consists of three fingers per cell with nominal widths of =8, =4, and =8 ( is the wavelength of the operation frequency) at positions of 1/8, 4/8, and 7/8. It is used to enhance the generated signal in the forward direction and reduce the signal in the reverse direction using the distributed reflection sources (=4 reflection electrode), which suppress triple transit and reduce insertion loss effectively. 6, 8) The comb transducer [input (left) transducer in Fig. 4(a) ] is used to accomplish single-mode selection and suppress all unwanted frequencies.
6) The comb transducer with large length (52 x ) was designed to limit the amplitude of the delay line to a relatively narrow frequency range. The comb transducer is composed of 4 groups of fingers, in which each group includes four SPUDT cells and 12 pseudo finger pairs. The output transducer includes 16 SPUDT cells. The aperture length was designed to be 50 x .
COM Simulation
COM modeling is a very efficient technique for analyzing the SAW devices. The SAW delay line with the SPUDT and comb transducer and the two-port SAW resonator were simulated by using the COM modeling.
SAW delay line modeling
Wright deduced the COM equation for SAW devices with the SPUDT.
9) The 3 Â 3 mixed P-matrix was used to present the solutions of the COM equations [eq. (1)]. 10, 11) Matrix elements of the first two rows in the P-matrix represent dimensionless acoustic ports and the parameters in the third row represent the electrical port with the dimensions 
Using zero transducer factors, zero static capacitor and zero reflection coefficients, the P-matrix for the pseudo fingers can be deduced. Using the cascading relationships, 12) the P-matrix for all the individual IDT segments in each tooth is cascaded and described as P IDTi (i ¼ 1; 2 . . ., represent tooth numbers). The P-matrix for the pseudo fingers is also cascaded as P psui . The P-matrix for the input transducer [left transducer in Fig. 4(a) ] can be deduced as PL by cascading between P IDTi and P psui . In addition, the cascaded P-matrix for the output transducer [right transducer in Fig. 4(a) ] can be described as PR. Therefore, the admittance matrix for the total oscillator device can be expressed by
where Using the admittance matrix solution, the frequency response S 12 is deduced by
The phase response can also be obtained by
where G in and G out are the input and output resistances of the peripheral circuits, and B 1 and B 2 are the susceptances for impedance matching. An 80 MHz SAW delay line composed of the SPUDT and comb transducer on the 128 YX LiNbO 3 was simulated using the COM model. The design parameters used for simulation are the number of IDT finger pairs for the input and output IDTs (16 SPUDT cells for the output IDT, and the input transducer includes four teeth, each tooth includes 4 SPUDT cells), acoustic pairs of 50, and aluminum metallization. The other parameters used in the COM simulation are listed in Table I . Figure 4(b) shows the simulated frequency and phase responses. Low insertion loss (smaller than 5 dB) and linear phase change (with large gradient in 3 dB frequency band) were observed.
Two-port SAW resonator modeling
The two-port SAW resonator is composed of three elements: input IDT, output IDT, and shorted grating reflectors, as shown in Fig. 2(a) . Using the COM modeling mentioned in above, the P-matrix for the IDT can be deduced as P T [ Fig. 2(b) ], and the COM equation for the reflector is presented by 
where is the detuning factor and is the reflectivity. The solutions of eq. (5) can be presented by the 2 Â 2 mixed P-matrix,
Sð0Þ
RðLÞ ¼ P ref11 P ref12 P ref21 P ref22 Rð0Þ
SðLÞ : ð6Þ
The P-matrix for the reflector is denoted as P R in Fig. 2(b) . The P-matrix for the spacing between the IDTs and the reflectors is described as P S . Thus, using the cascading relationships, 11) the P-matrix for the left side of the device that includes the first reflector, all the individual IDT segments, the transmission matrix between the IDT and the first reflector, and the transmission matrix between the IDTs can be cascaded and described as P LIDT .
The P-matrix for the right side of the device that includes the output IDT, the spacing between the IDT and the second reflector, and the second reflector, can also be cascaded as P RIDT . Therefore, the admittance matrix for the entire device can be expressed by
where
;
On the basis of the admittance matrix solution, the frequency response S 12 can be deduced using eq. (3). As mentioned above, the most critical parameter for the two-port SAW resonator design is the spacing L ri between each grating reflector and its adjacent IDT. Simulation was performed in terms of different values of L ri to extract the optimal design parameters. Generally, to obtain a good resonator performance, the number of IDT finger pair and the aperture of IDTs should be minimized. Thus, IDTs with five electrodes and an aperture of 40 x were chosen for this simulation. The other simulation parameters of the resonator are the 128 YX LiNbO 3 , 80 MHz operation frequency, shorted grating reflector with 451 electrodes, and 10:25 x spacing between IDTs. Figure 5 shows the L ri dependence of the frequency response of the resonator. As L ri increases from 4 x =8 to 6 x =8, the resonance peak shifts toward the lower side of the reflector stopband. To obtain a single steep resonance peak in the middle of the reflector stopband, an L ri of 5 x =8 was chosen in the design, which qualitatively agrees with other reported values.
4) The IDT with 5 electrodes (the width of each electrode was x =4), the shorted grating reflector with 451 electrodes, the spacing between the reflector and the IDT with 5 x =8, and the aperture of 40 x were used to structure the resonator. Moreover, to accommodate a sufficient number of metallic dots, a large spacing of 50 x between two IDTs was used. 
Technical Realization
Device fabrication
On the basis of the extracted design parameters from COM modeling, an 80 MHz two-port SAW resonator and two delay lines were fabricated on a 128
YX LiNbO 3 wafer. The fabrication procedure for the new SAW gyroscope is shown in Fig. 6 . Aluminum with a thickness of 300 nm was deposited on the substrate using a thermal evaporator. Then, a 1-mm-thick photoresist (PR) was spin-coated, exposed, and developed for the resonator and two delay lines. Aluminum was wet-etched and PR was dissolved in acetone. Then, a 10-mm-thick PR was spin-coated, exposed, and developed for lift-off processing. The 300-nm-thick gold dot array was deposited to obtain a sufficient metallic mass. Finally, the PR was dissolved in acetone.
Electric circuitry design
Discrete testing electronics on a printed circuit board (PCB) were implemented. A block diagram of the testing circuitry is shown in Fig. 7 . A voltage controller oscillator (VCO; K.S.E. KSV-5M075A) was connected to the fabricated 80 MHz resonator to maintain an 80 MHz resonant frequency in the resonator by tuning the DC bias. The input and output transducers of the SAW delay line were connected by an oscillator circuit, which is composed of an amplifier with low gain, a phase shifter, a mixer, an LC filter, and a lowpass filter (LPF). The output of two oscillators was mixed to reduce the thermal effect and provide low-frequency signals in the KHz range. The output of the oscillator was monitored by a programmable frequency counter and the digital oscilloscope (GDS-2102).
Experimental Results and Discussion
Fabricated SAW gyroscope
The optical and scanning electron microscopy (SEM) images of the fabricated SAW gyroscope are shown in Fig. 8 . For the resonator, the number of IDT electrodes is 5 and the aperture length is 40 x . The shorted grating reflector has 451 electrodes. The spacing between the shorted grating reflector and its adjacent IDT is 5 x =8. The spacing between the input and output IDTs is 50 x to accommodate a sufficient number of metallic dots. For the oscillator, the SPUDT and comb transducer were used. The input comb transducer has 4 groups of fingers, and each group includes 4 SPUDT cells and 12 pseudo finger pairs. The aperture length is 50 x . The output SPUDT has 16 finger pairs and the aperture length is 50 x . The metallic dot (number of dot cells: 49 Â 45) were distributed between two IDTs of the resonator. The size of the metallic dots is approximately 12 Â 11 mm 2 . The total size of the gyroscope is 1:2 Â 0:75 cm 2 . 5.2 Electric measurement of SAW devices without rotation Individual components (resonator and SAW delay lines) were tested using the HP 8510 network analyzer without connecting to the PCB. RF power was applied, and the frequency response of each component was observed. First, the amplitude and phase response of S 21 for the SAW delay line were measured in the frequency domain under matching conditions. As shown in Fig. 9(a) , a low insertion loss of $7 dB was observed. The measured results agreed well with the simulated ones. This shows the principal of mode selection from the phase response. In the pass band near the operation frequency, the phase linearly changes with the change in frequency. However, for the phase change with an amplitude of 2, the oscillator frequency is out of the pass band and the loss corresponding to the phase increases to over 10 dB. From this result, we suggest that our oscillator works at a single frequency.
Next, the frequency response of the two-port SAW resonator was characterized by the HP 8510 network analyzer. As shown in Fig. 9(b) , a low insertion loss of <7 dB was observed. A single steep resonant peak was observed in the frequency bandwidth of the resonator owing to the optimal spacing between the IDT and the adjacent reflector. The measured result agreed well with the simulated one. Another two resonance peaks shown in Fig. 9(b) were observed owing to the larger spacing between the IDTs.
Electric measurement of SAW devices with
rotation The fabricated SAW gyroscope was mounted onto the PCB, and then, the PCB was placed on the precision rate table in the vacuum chamber, as shown in Fig. 10 . The device was tested in vacuum. Temperature and humidity were maintained constant in the testing chamber during the testing period to prevent any unwanted performance variations due to temperature and humidity changes. The input voltage of AE5 V was applied to the PCB when the rate table was not rotated. The output of the oscillator was monitored by the digital oscilloscope and programmable frequency counter. Figure 11(a) shows the mixed oscillator frequency difference measured by the digital oscilloscope without rotation. A 217 kHz resonant frequency difference between two oscillators was observed. For this difference, we considered that fabrication error and imperfection of device are the primary reasons. The rate table was rotated at high speed and the same power was applied to the PCB. Figure 11(b) shows the mixed oscillator frequency difference at a constant rotation speed of 300 deg/s in the x-axis. A larger mixed frequency output of 50 kHz (j167 kHz (Á f under 300 deg/s) À 217 kHz (Á f under 0 deg/s)j) was observed owing to the interference effect by the Coriolis force. Figure 12(a) shows the mixed frequency output of the SAW oscillator in terms of different clockwise rotation speeds (300, 600, and 900 deg/s) in the x-axis. As the rotation speed increased, the mixed oscillator frequency difference increased linearly owing to the larger secondary wave interference to the SAWS induced by the Coriolis force. The sensitivity and linearity of the SAW gyroscope with rotation in the x-axis were measured to be 119 Hz deg À1 s À1 and 0.9245, respectively. The measured sensitivity is 276 times larger than that reported for a SAW gyroscope with a similar configuration. 5) Next, the device was rotated counterclockwise in the xaxis. A similar sensitivity value of 118.6 Hz deg À1 s À1 was observed. The cross-sensitivity test was carried out by rotating the PCB around the y-and z-axes instead of the xaxis. This causes the Coriolis force to act in different directions. As shown in Fig. 12(b) , very small frequency deviations in the y-and z-axis rotations, which are less than the white noise level ($60 Hz frequency deviation), were observed. Superior single sensing directivity in the x-axis was observed. The frequency responses for the y-and z-axes can be neglected. From these promising results, we conclude that our prototype SAW gyroscope is very promising in the real application of angular rate sensing.
Conclusions
A novel SAW MEMS-IDT gyroscope with an 80 MHz central frequency was developed. It consists of a two-port SAW resonator, metallic dots, and a dual delay line oscillator, where the SAW resonator provides a stable standing wave, the vibrating metallic dots generate a secondary SAW by the Coriolis force, and the delay line detects the Coriolis force by the interference effect. COM modeling was used to extract the optimal design parameters. An SPUDT and a comb transducer were used to structure the SAW delay line, improving the frequency stability of the SAW oscillator. A differential structure also eliminates the temperature effect and provides the frequency signal output. In the angular rate range of 0 -1000 deg/s, a $119 Hz deg À1 s À1 sensitivity was obtained. Good linearity and superior directivity were also observed.
